Background {#Sec1}
==========

The rapid development of high-throughput sequencing technologies leads to appearances of many innovative sequencing platforms \[[@CR1], [@CR2]\]. Ion Torrent and Ion Proton are semiconductor-based sequencing platforms that are primarily designed for personal genome sequencing \[[@CR3], [@CR4]\]. Different from sequencing techniques enriched with substitution errors \[[@CR5], [@CR6]\], Ion semiconductor sequencing platforms suffer from the inaccuracy in detecting the length of homopolymers repeats of the same nucleotide \[[@CR7], [@CR8]\]. These homopolymer errors often lead to the inaccurate local alignment results, and become a critical barrier against accurate detection of genomic variations \[[@CR9]--[@CR11]\] (<http://www.broadinstitute.org/gatk/media/docs/Samtools.pdf>).

The sequencing chemistry for the Ion semiconductor-based technology is that the incorporation of a deoxyribonucleotide (dNTP) into a strand of DNA couples with the release of a hydrogen ion, which changes the pH of the solution and then leads to the electronic voltage pulse in the ion sensor. Multiple identical bases on the DNA strand often result in the detection of multiple times of the baseline voltage corresponding to the measurements at mononucleotide loci \[[@CR12]\]. The difficulty on the homopolymer length identification mainly results from the inaccurate measurement on the magnitude of the voltage pulse, which follows a signal distribution that can be dependent on multiple factors including the type of nucleotide, the length of homopolymer, and the relative position in the DNA template.

Thus far, several algorithms have been proposed in correcting the inaccurate homopolymer length identification, based on the raw data from the detected voltage signals for Ion semiconductor sequencing technologies. Lysholm designed a flow-space FAAST tool, where flowpeak information retrieved from detected voltage signals is utilized to improve accuracy of Smith-Waterman-Gotoh local alignment through correction of likely sequencing errors and thus obtain optimized homopolymer length \[[@CR8]\]. However, since dedicatedly designed for the naïve Smith-Waterman-Gotoh algorithm, the method undertakes a heavy computing burden and limits the further application with other alignment programs. In addition, the parameter selection in the algorithm is ad hoc, and was not designed for maximizing the performance. Zeng designed a PyroHMMsnp algorithm, where a hidden Markov model (HMM) is built to recognize overcall or undercall status of homopolymers in a realignment process, and is used to deduce the most possible homopolymer lengths \[[@CR7]\]. Similar with other refined alignment algorithms, this approach uses an EM-based strategy, which assumes the variant pattern on most of the reads at one specific loci follows the same distribution; this assumption maybe invalid for certain biological applications, such as the variant identification in cancer somatic tissues. In addition, PyroHMMsnp design does not have hidden state for mismatches, and therefore tends to mistakenly convert mismatches into INDELs. In this project, we aim to develop a simple computational strategy for improving the alignment accuracy by using the voltage signals, and relying only on the measurements of individual sequencing read.

In addition to the measured electrical voltage signals, it is evident that the reference genome contains significant amount of prior information that are not adequately considered by other methods. This is under the assumption that only a small percentage of nucleotides are different between two individuals; for human, it is about 1 % of whole genome nucleotides \[[@CR13], [@CR14]\]. Based on such consideration, we proposed a Bayesian-based integrated model to merge these two information sources to improve performance of homopolyer length identification. We demonstrate that our algorithm significantly outperformed Torrent Suite, the software package coupled with Ion Torrent and Proton Sequencers for accurately identifying the length of the homopolymer repeats, and therefore improved sequence alignment accuracy.

Methods {#Sec2}
=======

Ion Torrent sequencing {#Sec3}
----------------------

Different from imaging-based sequencing platforms, Ion semiconductor technology detects nucleotide composition using electronic sensors. During the sequencing process, the sensor detects released hydrogen ions when nucleotide incorporation occurs. The sensor then detects the pH change caused by hydrogen release, and translates such chemical signal to electrical voltage signal, which is proportional to the number of captured ions. Since one type of nucleotides is sequenced in one machine cycle, if homopolymer exists, the detected voltage level should reflect the length of homopolymer. Despite this simple principle, practically, however, the detected electrical voltage follows a distribution, and in many cases, may not accurately recapitulate the length of homopolymer. In order to design a bioinformatics strategy for correcting the length of homopolymers, we first systematically evaluate the signal distribution of the detected electrical voltage for all the nucleotide positions that share the same homopolymer length, same homopolymer nucleotide type (A, C, G, or T), and similar positions in the sequence reads. The original voltage signals for different nucleotides were extracted from the SFF file, which is exported from the Torrent Suite package.

Bayesian inference of homopolymer length {#Sec4}
----------------------------------------

We design a Bayesian-based model to infer the length of homopolymer based on the local genomic sequence context, including the homopolymer nucleotide type (N~i~ = A, C, G, or T), detected electrical voltage (V), and the nucleotide position in the sequencing reads (P~j~). In the current model, nucleotide position were classified into several categories.$$\documentclass[12pt]{minimal}
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In the equation, *P*(*V*\|*N*~*i*~,*P*~*j*~*,L*) is the prior possibility of occurrence of a specific voltage *V* if given homopolymer length *L* under situation of nucleotide *N*~*i*~ and read position *P*~*j*~, while *P*(*L*) and *P*(*V*) respectively represent the probability of a specific homopolymer length *L*, and the probability of a specific voltage *V.* Both these two probabilities can be statistically derived from the entire sequencing data. In summary, *P*(*L*\|*N*~*i*~*,P*~*j*~*,V*) is the probability of occurrence of a specific homopolymer length *L* if given sequencing voltage *V* under sequencing context of nucleotide *N*~*i*~ and read position *P*~*j*~.

Integrated model to identify homopolymer length {#Sec5}
-----------------------------------------------

The performance of statistical-based inference model highly relies on fully understanding the sources of detection error, and their intervened relationships. Additional biological information can be used to increase the detection accuracy. For most of the biological applications, it is reasonable to assume that only a small percentage of the nucleotide positions represent true variants comparing to the reference genome. Therefore, combining the homopolymer length in the reference genome with the statistically-inferred homopolymer length can potentially improve the detection accuracy. We therefore construct an integrated model by defining a score *S* for the homopolymer length at a specific homopolymer loci:$$\documentclass[12pt]{minimal}
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In the model, *Pen*(*L*\|*Seq_ref*) is a penalty value when mismatch occurs between the reference genome sequence and the deduced Ion Torrent sequence for a given homopolymer length *L*. The penalty value is defined as 0 for perfect match, −1 for substitution, and −2 for insertions/deletions. In order to ensure that the two types of measurements staying in a similar scale, Bayesian posterior probability *P*(*L*\|*N*~*i*~*,P*~*j*~*,V*) is converted into logarithmic form. In Eq. [2](#Equ2){ref-type=""}, *W* is weighting factor to balance the contribution of the Bayesian model-derived score, and reference genome-derived penalty. For one homopolymer, its length *L* can be determined as the candidate with the largest score S~i~:$$\documentclass[12pt]{minimal}
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For a specific assay, the weighting factor w will be determined by minimizing the identification error for the homopolymers whose length is known, such as samples also detected using other technologies.

Results and discussion {#Sec6}
======================

Data preparing {#Sec7}
--------------

We have tested our model on one HapMap human dataset, NA11881, of which both Ion Torrent data and Illumina sequencing data is available. The availability of such dataset enables training and testing a statistical model for refining the identification of homopolymer length. The Ion Torrent dataset was generated in the Center for Medical Genomics at Indiana University, of which a targeted genomic region of 59 genes were sequenced. The overall targeted genomic area covers 90,918 basepairs. To derive the length of the homopolymer repeats, the electrical voltage signal for each influx nucleotide machine cycle was retrieved from the SFF file, where the type of the nucleotide (A, C, G, or T) is determined. Among 452,161 Ion Torrent sequencing reads that passed quality control, our assay detected 1,430,986 homopolymers with \>1.5 voltage units; these regions are defined as homopolymer candidates that are used in further analysis. In order to further characterize the homopolymer profiles being identified in our dataset, we further examine the nucleotide composition of all the detected homopolymers, and their relative loci in the sequenced reads (Fig. [1](#Fig1){ref-type="fig"}). We observed enrichment of A and T homopolymers in our dataset, and evenly distributed homopolymer locations (except for the last location due to the varying lengths of the Ion Torrent reads).Fig. 1Profile of retrieved homopolymers. Profile of retrieved homopolymers according to (**a**) nucleotide type and (**b**) position in the sequencing reads

Illumina sequencing data from the same individual, NA11881, is downloaded from the 1000 Genomes database (<http://www.1000genomes.org/data>). Due to the chemistry differences, Illumina technology is more accurate in detecting homopolymer lengths. We therefore use the dataset from the Illumina platform as gold standard when refining the length of homopolymer repeats.

Distribution of detected voltage signals in homopolymer repeat regions {#Sec8}
----------------------------------------------------------------------

We examine the three factors that affect the distribution of the voltage signals on the homopolymer regions, the length of the homopolymer repeats, the types of homopolymer nucleotides, and the relative positions of the homopolymer repeats within a read. The homopolymer positions were classified into four zones depending on their distance from the beginning of the reads, Z1: 1--75 bp, Z2: 76--150 bp, Z3: 151--225 bp, and Z4: 226--300 bp. For the homopolymers with A nucleotides and appear in the first 75 bases, the retrieved signal distributions for each homopolymer length was demonstrated in Fig. [2](#Fig2){ref-type="fig"}. The ground truth for the homopolymer is derived from the Illumina dataset, which do not have apparent homopolymer issues. In Fig. [2](#Fig2){ref-type="fig"}, the horizontal axis is of voltage level and the vertical axis is of probability density for all the homopolymers of a fixed size. From left to right, there are five curves which correspond to the homopolymers with 2, 3, 4, 5, and 6 nucleotides. Here, the probability density of the voltages are fitted as in Gaussian distributions, where the mean values are 1.85, 2.78, 3.68, 4.64 and 5.57 respectively. It is observed that the standard deviation increases with homopolymer length. It increases from 0.14 for 2-base homopolymers to 0.38 for 6-base ones. A similar trend has been reported elsewhere \[[@CR7]\]. This shift clearly suggests that the voltage signals become less specific with the homopolymer length increases. It is critical to consider these factors in the model for accurately inferring the homopolymer length. This is especially important for the sequencing reads with longer homopolymers.Fig. 2Prior possibilities of the detected voltages. Prior possibilities of the detected voltages when nucleotide type is A and position in the sequencing reads belongs to Z1

Besides homopolymer length, we also observed differences in signal distribution for homopolymers with different nucleotide composition (A, C, G, or T) and their positions in the sequencing reads. As shown in Fig. [3a](#Fig3){ref-type="fig"}, when fixing the homopolymer length (*n* = 4) and homopolymer position zone (Z1, position 1--75 in the sequencing reads), we observed slightly different signal distribution for the homopolymers with different nucleotide compositions. Specifically, the C homopolymers tend to have higher signal values with mean signal intensity at 3.74, as comparing to other three nucleotides with average value at 3.68. In addition, the standard deviation for the C homopolymers (stdev = 0.30) are also slightly larger than the other three types (stdev = 0.24). Similar inconsistency was also observed for homopolymers that locate at different positions zones in the sequencing reads (Fig. [3b](#Fig3){ref-type="fig"}). Using all the AAAA as an example, the average signals tend to be higher in the beginning of the reads, and decrease toward the end of the reads. The average signal for Z1 to Z4 is 3.68, 3.57, 3.54, and 3.57 respectively. All these results suggest that the derived voltage signal is dependent on the homopolymer nucleotide composition and its relative positions in the sequencing reads, and should be considered while inferring the length of the homopolymers.Fig. 3Other factors in Identification of homopolymer length. Other factors in identification of homopolymer length as (**a**) nucleotide type when homopolymer length is 4 and position in the sequencing reads belongs to Z1 and (**b**) position in the sequencing reads when homopolymer length is 4 and nucleotide type is A

Bayesian inference of homopolymer length {#Sec9}
----------------------------------------

Motivated by these observations, we develop a Bayesian-based model in inferring the length of homopolymer based on the homopolymer length, their relative positions in the reads, and the detected voltage signal. Since the nucleotide composition includes A, C, G, T and the homopolymer positions are classified into four zones (Z1, Z2, Z3, Z4), in total, 16 Bayesian inference models are built based on the aforementioned prior signal distributions. In each model, the homopolymer length is identified if given a specific voltage level under a particular nucleotide type and position in sequencing read.

In fact, after calculation of prior signal distributions of different kinds of homopolymer lengths, the length of homopolymer can be simply decided using naïve counting from the measured electrical voltage or the k-nearest neighbors algorithm. That is to identify the length of one homopolymer according to its nearest distance to the mean values of different prior signal distributions. In such way, the number of identification errors is 169,212, or 11.82 % of the whole 1, 430,986 homopolymers.

Comparing to k-nearest neighbors algorithm, with our designed Bayesian inference models, the number of identification errors decrease to 71, 460, or 4.99 % of the whole homopolymers.

However, our Bayesian inference result cannot outperform that from the Torrent Suite, where the number of identification errors is 29,623, or 2.07 % of the whole homopolymers. This is due to the fact that significant training has been included the Torrent Suite algorithm, which is proprietary, and uses a large amount of genomic features.

Identification of homopolymer length with Bayesian and reference genome information {#Sec10}
-----------------------------------------------------------------------------------

Despite the superior performance of the Bayesian model comparing to naïve counting from the measured electrical voltage, both our model and output from the Torrent Suite, experience significant inconsistency based on our dataset with ground truth. Since genetic variants should only occur in a small percentage of genomic loci. We therefore hypothesize that using a combination of voltage signal with the guidance of the standard reference genome will significantly increase the detection accuracy.

Using our proposed integrated model with Bayesian and reference genome information, we try to identify homopolymer length. In the integrated model, Eq [2](#Equ2){ref-type=""}, the weight parameter *W* was firstly optimized when the best identification result acquired (five cross validation) comparing to the results from the Illumina sequencing results. In Fig. [4a](#Fig4){ref-type="fig"}, the process of weight optimization is presented for the model under situation of nucleotide A and position Z1. When the weight is equal to 0, only reference genome information is referred in identification, while the weight equaling to 1 means only Bayesian inference information is used. Finally, the best weight value is equal to 0.28 when the least identification errors were found. The distribution of these errors is presented in Fig. [4b](#Fig4){ref-type="fig"}. Since the exact lengths of homopolymers were measured through Illumina platform, among 144,230 homopolymers under situation of nucleotide A and position Z1, lengths of 143,870 homopolymers were successfully identified by our proposed method with 360 errors. This is significant improvement comparing to using Bayesian model only. The performance also improved comparing to relying only on the reference genome, which enables to identify homopolymer-related variants from the sequencing data.Fig. 4Identification result of homopolymer lengths. Identification result of homopolymer lengths when nucleotide type is A and position in the sequencing read belongs to Z1. The result is presented as (**a**) frequency of identification errors and (**b**) distribution of identification result

All the optimized weights and corresponding identification errors are listed in Table [1](#Tab1){ref-type="table"}. In Table [1](#Tab1){ref-type="table"}, comparing with other methods, the best identification result is obtained with our proposed approach, which is also presented in Fig. [5](#Fig5){ref-type="fig"}.Table 1Identification errors of homopolymer length with different methodsNoNtPosCountErrors (%)KNNTorrent suiteBayesianReferenceProposed approachWeightErrors1A1--751442307.0021.1192.2960.2980.280.2502A76--15011277612.1211.6514.7220.4890.340.4533A151--2259756818.7332.9268.1500.4230.140.4214A226--3004803322.2924.65510.2590.5350.240.5105C1--75887326.5341.8432.7790.0340.140.0276C76--1507765010.3822.4894.5950.5560.360.1217C151--2256365818.5813.1876.3830.5450.280.5428C226--3003573617.9104.6006.1590.9260.300.9239G1--75974934.1411.4221.8260.6090.300.37610G76--1507819214.8741.6233.8640.3220.320.15211G151--2256468016.8682.2735.6831.0620.141.06212G226--3003411618.7542.4927.9850.1470.120.14713T1--751565505.1861.1062.5040.0760.140.05414T76--15015203411.4461.5715.7800.3420.300.29715T151--22511109014.7202.3317.2900.4190.320.36216T226--3006844813.9123.3158.2400.7230.280.599"Count" means the number of each class of homopolymers. "KNN" means the method of K nearest neighbors. "Reference" means only reference information is used in the designed model(Weight *=* 0)Fig. 5Comparison of identification results among different identification methods. Comparison of identification results among different identification methods according to (**a**) all methods and (**b**) two methods of only using reference information and the proposed method

To show robustness of our proposed method, we also conducted analysis on one Ion Proton data(HapMap human dataset, NA12878) with the same pipeline and obtained the similar result (Additional file [1](#MOESM1){ref-type="media"}). Since more homopolymers retrieved in the Ion Proton data, their positions were classified into five zones depending on their distance from the beginning of the reads, Z1: 1--50 bp, Z2: 51--100 bp, Z3: 101--150 bp, Z4: 151--200 bp and Z5: 201--250 bp.

Conclusions {#Sec11}
===========

As an important category of sequencing platform, Ion semiconductor-based technology has been widely utilized due to its good performance of faster and cheaper sequencing. However, the technology is far from perfect and suffers from the problem of homopolymer uncertain length. With Bayesian inference and reference genome information, an integrated model was designed to resolve such a problem. Bayesian inference of homopolymer length was first calculated from detected voltage signals. Merged with reference genome sequences information, the homopolymer length was eventually deduced. Compared to several known algorithms, the proposed method presents a greatly improved performance.

It should be noted that the proposed method is designed for refining the sequencing alignment based on individual sequencing read information. This is different from other approaches that rely on the coordinated information from all the reads that align to the same genomic region. Our strategy enables mapping the reads that contain variants in only a small percentage of DNA fragments, such as cancer genome. The general framework of our method can also be used for other sequencing technologies that contain significant amount of sequencing error around homopolymer regions, such as nanopore technology.
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Additional file 1:Supplementary results. This file contains all supplementary results that are not covered in the manuscript, including 5 figures and 1 table on Ion Proton data. **Figure S1.** is about profile of retrieved homopolymers according to (a) nucleotide type and (b) position in the sequencing reads. **Figure S2.** is about prior possibilities of the detected voltages when nucleotide type is A and position in the sequencing reads belongs to Z1. **Figure S3.** is about other factors in identification of homopolymer length as (a) nucleotide type when homopolymer length is 4 and position in the sequencing reads belongs to Z1 and (b) position in the sequencing reads when homopolymer length is 4 and nucleotide type is A. **Figure S4.** is about identification result of homopolymer lengths when nucleotide type is A and position in the sequencing read belongs to Z1. The result is presented as (a) frequency of identification errors and (b) distribution of identification result. **Figure S5.** is about comparison of identification results among different identification methods according to (a) all methods and (b) two methods of only using reference information and the proposed method. **Table S1.** is about identification errors of homopolymer length with different methods. (PDF 396 kb)
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